The assembly of a-ketoglutarate dehydrogenase complex (KGDC) has been studied in wild-type Saccharomyces cerevisiae and in respiratory-deficient strains (pet) with mutations in KGD1 and KGD2, the structural genes for a-ketoglutarate dehydrogenase (KE1) and dihydrolipoyl transsuccinylase (KE2) (20, 36) . This important enzyme of the tricarboxylic acid cycle has been isolated from mammalian sources (9, 27), from Escherichia coli (22), and from the yeast Saccharomyces cerevisiae (8). The eukaryotic and prokaryotic complexes have molecular weights in excess of 2 million (9, 20), with subunit stoichiometries of 12 U each of oa-ketoglutarate and dihydrolipoyl dehydrogenase (KE1 and E3), respectively, and 24 U of dihydrolipoyl transsuccinylase (KE2) (18). A description of the subunit arrangement and structure of KGDC has emerged from studies on the in vitro reassembly of native KGDC from the separated component enzymes (18, 31) . Such reconstitutions, carried out mainly with the E. coli complex, have been instrumental in demonstrating the existence of a high-molecular-weight core particle composed of KE2 onto which are attached dimeric units of KE1 and E3 (18, 31) . Knowledge of the primary structures of the components of KGDC (4, 5, 28) and the pyruvate dehydrogenase complex (PDC) (15, 29, 30) , gained from the cloned genes, has contributed new insights about the domains involved in catalytic activity and subunit interaction (16, 17, 36) .
a-Ketoglutarate dehydrogenase complex (KGDC) is a multimeric enzyme composed of three different subunits whose combined catalytic activities promote the oxidative decarboxylation of a-ketoglutarate to succinyl coenzyme A (20, 36) . This important enzyme of the tricarboxylic acid cycle has been isolated from mammalian sources (9, 27) , from Escherichia coli (22) , and from the yeast Saccharomyces cerevisiae (8) . The eukaryotic and prokaryotic complexes have molecular weights in excess of 2 million (9, 20) , with subunit stoichiometries of 12 U each of oa-ketoglutarate and dihydrolipoyl dehydrogenase (KE1 and E3), respectively, and 24 U of dihydrolipoyl transsuccinylase (KE2) (18) . A description of the subunit arrangement and structure of KGDC has emerged from studies on the in vitro reassembly of native KGDC from the separated component enzymes (18, 31) . Such reconstitutions, carried out mainly with the E. coli complex, have been instrumental in demonstrating the existence of a high-molecular-weight core particle composed of KE2 onto which are attached dimeric units of KE1 and E3 (18, 31) . Knowledge of the primary structures of the components of KGDC (4, 5, 28) and the pyruvate dehydrogenase complex (PDC) (15, 29, 30) , gained from the cloned genes, has contributed new insights about the domains involved in catalytic activity and subunit interaction (16, 17, 36) .
Despite the large body of information bearing on structure and function relationships in KGDC and PDC, little attention has been paid in the past to the mechanisms ensuring a coordinate expression of their constituent enzymes and the * Corresponding author. manner in which they interact with one another in vivo to form the functional complexes. Characterization of the genes coding for the KE1 (24) , KE2 (25) , and E3 (3, 26) components of yeast KGDC have made it possible to probe such questions experimentally in a eukaryotic organism. In this study we have used two approaches to examine in vivo assembly of KGDC in S. cerevisiae. The first has relied on mutants defective in the expression of KE1 or KE2 to characterize some of the intermediates in the assembly pathway. Second, we have screened a collection of respiratory-deficient pet mutants of S. cerevisiae for lesions in KGDC. These studies have led to the identification of a new gene whose product is essential for interaction of KE1 with KE2. This gene defines a new function that appears to affect a late step in the assembly of KGDC but not PDC.
MATERIALS AND METHODS
Yeast strains and growth media. The genotypes and sources of the strains of S. cerevisiae used are given in Table  1 . Nuclear respiratory-deficient (pet) mutants were obtained by mutagenesis of the haploid yeast strain S. cerevisiae D273-1OB/A1 with either ethyl methanesulfonate or nitrosoguanidine as described previously (33) . The media used for routine cultivation of yeast cells were YPD (2% glucose, 2% peptone, 1% yeast extract), YPGal (2% galactose, 2% peptone, 1% yeast extract), YPEG (3% glycerol, 2% ethanol, 2% peptone, 1% yeast extract), and WO (2% glucose, 0.67% nitrogen base without amino acids [Difco] ). Solid media contained 2% agar. Amino acid supplements and other (6) except that Zymolyase 20,000 instead of Glusulase was used to convert cells to spheroplasts. Phenylmethylsulfonyl fluoride was used to minimize proteolysis of KE1 and KE2, the former being particularly prone to degradation. The protease inhibitor was added to the spheroplast lysis buffer and to the final suspension of mitochondria at a concentration of 10 ,ug/ml. Overall KGDC (27) and PDC (19) activities were assayed spectrophotometrically by measuring NAD+ reduction at 340 nm in the presence of a-ketoglutarate and pyruvate, respectively. Dihydrolipoamide dehydrogenase (E3) was assayed by the lipoamidedependent oxidation of NADH (23) .
Sedimentation analysis of KGDC and of the KE2-E3 subcomplex. Mitochondria suspended at a protein concentration of 10 to 15 mg/ml were sonically irradiated with a Branson microprobe for 5 to 10 s and centrifuged at 105,000 X ga,g for 10 min. The clarified supernatant consisted mainly of mitochondrial matrix proteins, and the extraction of KE1 and KE2 proteins varied from 65 to 75%. A 0.3-ml sample of the matrix fraction was applied to a 4.7-ml column of a linear 6 to 20% sucrose gradient containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 0.02% Triton X-100. Gradients were centrifuged either for 45 min or for 5 h at 65,000 rpm in a Beckman SW65Ti rotor with the temperature set at 4°C. Routinely, fractions were collected by gravitational flow from the bottom of the tube. The gradient fractions were analyzed either enzymatically or immunochemically by the Western immunoblot technique for the distribution of KGDC components. The signals detected in the Western analysis for KE1 and KE2 were quantitated by densitometry. Densitometry was performed by scanning the signals of different exposures of the X-ray film (data were taken from the linear region of the film). Molecular weights were estimated by the procedure of Martin and Ames (13) from sedimentations relative to P-galactosidase or fumarase. Fumarase (7) and P-galactosidase (34) (11) . Following electrophoretic transfer to nitrocellulose, the blots were reacted sequentially with antisera to KE1 and KE2 followed by 125I-protein A. The preparation of rabbit antisera against KE1 and KE2 fusion proteins has been described (25) . Concentrations of proteins were determined by the method of Lowry et al. (12) .
RESULTS
Assembly of the KE2 core in the absence of the a-ketoglutarate dehydrogenase subunit. The physical properties of yeast KGDC were studied by centrifugation of mitochondrial extracts through sucrose gradients. The individual components of the complex were assayed either immunochemically by the Western technique (KE1 and KE2) or by enzymatic assay (E3). The results of such analyses indicates that KE1, KE2, and E3 cosediment as a high-molecularweight complex (Fig. 1) . KGDC activity measured as a-ketoglutarate-dependent reduction of NAD+ also coincides with the peaks of the three enzymes (see Fig. SA ). The molecular weight of the complex calculated from the position of the main protein peak relative to that of P-galactosidase is 2.2 x 106. This value is about 20% lower than the molecular weights reported for E. coli and porcine KGDC, which range from 2.5 x 106 to 2.8 x 106 (9, 10, 20) . The yeast complex has been reported to have an s20W, of 20.9 at a protein concentration of 6 mg/ml (8) . Since the sedimenta- Although most of the protein sediments as a 2.2 x 106-molecular-weight complex, the presence of a shoulder on the leading edge of the main protein peak suggests that some of the enzyme may be aggregated. It is also worth noting that PDC, because of its considerably larger size, reaches the bottom of the gradient under these conditions of centrifugation. For this reason, the E3 associated with PDC is not evident in the gradient fractions.
Stripping of the El and E3 components from PDC has been shown not to affect the quaternary structure or catalytic activity of the dihydrolipoyl transacetylase subunit (35) . A similar type of resolution has been described for the E. coli KGDC (14, 18) . Even though the in vitro reconstitution experiments indicate that the stability of the KE2 core unit is not significantly affected by the other two components of KGDC, these observations do not exclude a requirement of KE1 or E3 for core formation under in vivo conditions. This was tested by examining assembly of a KE2-E3 subcomplex in a mutant blocked in expression of KE1 as the result of an insertion of the URA3 gene in the coding region of KGDJ (24) . Similarly, a mutant lacking KE2 was obtained by partial deletion of KGD2 and insertion of HIS3 into the gap (25 Assays of dihydrolipoamide dehydrogenase activity further revealed that most of the E3 component is associated with the high-molecular-weight KE2 particle (Fig. 3) . A complex consisting of 24 subunits of KE2 and 12 subunits of E3 would have a molecular weight of approximately 1.7 x 106, a value somewhat in excess of that estimated from the gradient ( Table 2 ). The lower value obtained experimentally could be due to an underestimation error inherent in the analytical method or to a partial loss of KE2 or E3 subunits from the complex.
During the course of screening for KGDC mutants, sev- Properties of KE1 and of E3 in a kgd2 mutant lacking KE2. Bacterial and porcine KE1 and E3 have each been reported to exist as dimers when separated from the KE2 core (18, 31) . The molecular weights of yeast KE1 and E3 were determined by sucrose gradient centrifugation of mitochondrial extracts from a strain with the disrupted kgd2::HIS3 allele. Both immunochemical and enzymatic assays confirmed the presence of a-ketoglutarate dehydrogenase in the mutant mitochondria. The KE1 activity, measured as the rate of ferricyanide reduction by a-ketoglutarate, is approximately two times lower in the mutant than in the wild-type mitochondria.
Initial measurements of the molecular weight of KE1 in the mutant were done in the absence of salt. Under these conditions, the enzyme is heterodisperse and as a result distributes over a broad region of the sucrose gradient. The physical properties of KE1, unlike those of KE2, are affected by ionic strength when the enzyme is not part of the complex. Addition of 20 mM NaCl to the gradient is sufficient to prevent aggregation of KE1 into large polymers. At this concentration of salt, most of KE1 sediments slower than fumarase with an apparent Mr of 168,000 (Fig. 4A) . A considerable fraction of KE1, however, sediments faster as a shoulder at the expected position of the dimer. This distribution profile is suggestive of a monomer-dimer associating system.
The tendency of KE1 to form a dimer was further confirmed from the results of a gradient prepared in the presence of 30 mM potassium phosphate buffer (pH 7.5), 10 mM MgCl2, 20 mM a-ketoglutarate, and 20 mM NaCl, conditions approximating those generally used to assay the enzyme. In this experiment, the mitochondrial extract was obtained from the KE2 mutant harboring KGDJ, the structural gene for KE1, on a high-copy-number plasmid. Most of KE1 cosediments with fumarase, indicating that these conditions favor dimer formation (Fig. 4B) . Omission of 20 mM NaCl in the gradient described in Fig. 4B does not affect the sedimentation of KEL.
The molecular weight of dihydrolipoamide dehydrogenase estimated from the same gradient is 120,000, a value in good agreement with the predicted size of the dimer (Table 2) . No suggestion of size heterogeneity was evident from the distribution of this KGDC component in a gradient prepared in the presence of 20 mM NaCl. The same molecular weight was measured for E3 in a mutant blocked in expression of both KE1 and KE2 (data not shown), indicating that the presence or absence of KE1 has no influence on the physical properties of E3.
In vivo assembly of KGDC in the presence of excess of KE2.
Overexpression of KE2 relative to KE1 and E3 was previously found to decrease the overall KGDC activity (25) . Transformation of a kgd2 mutant with the wild-type gene on a multicopy plasmid increases the mitochondrial concentration of KE2 by approximately 10-fold. The specific activity of the complex in mitochondria of the transformant, however, is lower than that measured in wild-type yeast cells (25) . The KGDC formed under these conditions is of interest since it has some bearing on how the complex might be assembled.
The physical and enzymatic properties of KGDC in wildtype yeast cells and in a transformant expressing KE2 from (24) . The extract was mixed with fumarase and centrifuged for 5 h through a 5-ml linear 6 to 20% sucrose gradient containing 30 mM potassium phosphate (pH 7.5), 10 mM MgCl2, 2 x lo-M KCN, 20 mM a-ketoglutarate, and 20 mM NaCl. KE1 (0) was quantitated as for panel A. The peak of fumarase activity is marked by the arrow. The bottom of both gradients is on the left. a multicopy plasmid were assessed by sedimentation analysis of mitochondrial extracts on sucrose gradients. The KGDC activity in a gradient of the wild-type mitochondrial extract, assayed by the ot-ketoglutarate-dependent reduction of NAD+, conforms to a symmetric peak that approximates the distribution of the KE1 and KE2 components (Fig. 5A) KGDC activity of the gradient fractions of the wild type and a strain overproducing KE2. Mitochondrial extracts were obtained from the respiratory-competent strain W303-1A (A) and from the kgd2 mutant W303AKGD2 transformed with KGD2 on the multicopy plasmid pG104/T1 (25) (B). The extracts were sedimented through a 6 to 20% sucrose gradient as described in the legend to Fig. 1 . Eleven fractions were collected and assayed for overall KGDC activity (*) and for KE1 (0) and KE2 (a) by densitometric quantitation of Westem blots. Both sets of data were normalized to percentage of the maximum value. The bottom of both gradients is on the left. activity and KE1 component exhibit a bimodal distribution. The faster-sedimenting component, whose position in the gradient is similar to that of the native complex, appears as a shoulder on the main peak. The latter has a size intermediate between KGDC and the KE2-E3 core complex. Even though the KE2 peak centers at a position distinct from KE1, the leading part of the peak has an inflection that includes the region of the gradient with the enzymatically active complexes. The activity and protein profiles of the gradient suggest that only a small fraction of the KE2 core contains a sufficient number of KE1 subunits to sediment as a normal complex. On the basis of the ratio of KE2 to KE1, most of the core particles appear to be deficient in KEL. This is especially evident in the upper part of the gradient, where the concentration of KE1 falls off much faster than that of KE2.
It is also worth noting that the specific activity of KGDC calculated relative to KE1 remains fairly constant even in fractions that contain partly formed complexes, as judged by their sizes (fractions 6 and 7 in Fig. 5B ). In contrast, the specific activity based on KE2 is highest in the region of the gradient containing the fully assembled complex.
Yeast transformants carrying the KGDJ gene on an episomal plasmid have four times higher mitochondrial KE1 activity and a comparable increase in immunologically detectable KE1 protein. The KE2 component in transformants overexpressing KE1 behaves as a homogeneous particle with the molecular weight of normal KGDC (data not shown). KE1, however, sediments as two distinct peaks, one of which is coincident with KE2 and corresponds to the fraction associated with KGDC, while the rest of KE1 sediments as a dimer distinct from KGDC (data not shown).
Reconstitution of KGDC by in vitro complementation. The components of mammalian and E. coli KGDC isolated from the purified complex have been shown to be capable of self-assembling into the holoenzyme (18, 31) . The ability of mutants with a disrupted KGDJ gene to make a particle resembling a KE2-E3 core and of mutants with a disruption of KGD2 to accumulate both enzymatically active KE1 and E3 made it possible to test whether the partially assembled components of KGDC formed in vivo are also reconstitutively competent. Since we were unable to test the functionality of KE2 enzymatically, it was also important to demonstrate that the KE2 core particle in the mutant lacking KE1 is capable of reconstituting an active complex.
Mitochondrial extracts were prepared from the kgdl mutant W303AKGDJ and the kgd2 mutant W303AKGD2. The two extracts were mixed in different ratios in the presence of 20 mM NaCl to prevent aggregation of KE1 and allowed to stand at room temperature for 20 min prior to assay. The results of the in vitro complementation tests are summarized in Table 3 . The activity, normalized to the concentration of protein in the kgdl mutant (i.e., to KE2 plus E3), increases with addition of more mitochondrial extract containing KEI (and E3). In this experiment, the optimal specific activity is achieved at a ratio of 1:4 of extract containing the KE2-E3 subcomplex to KEL. The specific activity was comparable to that measured in an extract of wild-type mitochondria. To confirm that the in vitro complementation reconstitutes not only catalytic activity but also a native-size enzyme, two of the mixtures were centrifuged through sucrose gradients and assayed for KE1 and KE2. The mixture with the 1:2 ratio of Table 3 were applied to separate 6 to 20% sucrose gradients prepared as described in the legend to Fig. 1 and centrifuged the two extracts shows a bimodal distribution of KE1, with only part sedimenting as a full-size KGDC complex (Fig.  6A) . The partial reconstitution is also evidenced by the displacement of the KE2 peak, which has a size intermediate between native KGDC and the KE2-E3 subcomplex. At the higher ratio of KE1 to KE2, conditions resulting in full restoration of activity, the profiles of the two proteins are superimposable and peak at a position compatible with the completely assembled KGDC (Fig. 6B) . On the basis of these results, a reasonable case can be made that the KE2-E3 subcomplex observed in the kgdl mutant is probably a native core structure needing only the KE1 component for expression of overall a-ketoglutarate dehydrogenase activity.
A nuclear mutation affecting in vivo assembly of KGDC in S. cerevisiae. Previous biochemical screens of a collection of (24, 25) . E885, the more extensively studied strain, lacks overall KGDC but not PDC activity (Table 4) . Assays of oa-ketoglutarate-dependent reduction of ferricyanide showed the presence of functional KE1 in the mutant mitochondria. Even though the total KE1 activity recovered in the mutant extract was lower, the specific activity was similar to the wild-type level when normalized for the intensity of the KE1 signal determined by Western blot analysis. Mutant mitochondria contain wildtype levels of E3 activity; for technical reasons, KE2 activity could not be measured. However, Western analysis of total mitochondrial proteins from a representative mutant indicated that the KE2 protein level is 75% of the wild-type level and the KE1 level is 92% of the wild-type level (data not shown). Genetic complementation of E885 by kgdl, kgd2, and lpd mutants indicates that the KGDC defect is not due to mutations in the KE1, KE2, or E3 component of the complex. This conclusion is also supported by the lack of complementation of the respiratory-deficient phenotype of E885 by the introduction of the cloned KGDJ, KGD2, or LPD genes on high-copy-number plasmids.
To better understand the nature of the KGDC defect of G201 mutants, extracts of wild-type and mutant mitochondria were centrifuged through sucrose gradients and analyzed immunochemically with antisera against KE1 and KE2. The results of the sedimentation analysis (Fig. 7A) show the KE2 component of the mutant to sediment as a high-molecular-weight core particle. Assay of the gradient fractions for dihydrolipoamide dehydrogenase activity revealed that the peaks of KE2 and E3 are coincident (Fig.   7A ). Thus, the interaction of E3 and KE2 does not appear to be affected by the mutation. The molecular weight of the KE2-E3 subcomplex in the mutant was estimated to be 1.5 x 106 (Table 2) , a value in close agreement with the 1.3 x 106 value of the KE2-E3 subcomplex in the kgdl mutant.
Even though the gradient of the mutant extract shows some overlap of KE1 and KE2, a significant fraction of KE1 same conditions as the first gradient. All of the KE1 in the second set of gradients is recovered in the top few fractions together with the fumarase size marker (Fig. 7B) . The sedimentation properties of KE1 in the second gradient suggest that its apparent large size and heterogeneity in the first gradient are most likely the result of dissociation of KGDC during the gradient run.
DISCUSSION
Much of our present understanding of the architecture and assembly of a-keto acid dehydrogenase complexes stems from the analysis and reconstitution of KGDC and PDC from the partially resolved complexes (1, 18, 21, 31, 35 excluded, but they would need to be comparatively weak to gradient. To distinguish between these possibilaccount for the absence of a KE1-E3 complex in the mutant. ns 10 through 13 of the gradient shown in Fig. 7A The partial complexes detected in the kgdl and kgd2 me fractions from a gradient that had been mutants have their counterparts among the components the absence of salt and had a nearly identical resolved from the purified enzyme (18, 31 
